or kainate too low to produce much general neuronal injury. The differential susceptibility of these neurons was not absolute, as high concentrations of all tested agonists produced nonselective neuronal injury. In light of recent evidence that forebrain NADPH-d( +) neurons are selectively spared in Huntington's disease, the present study continues to support the hypothesis that neuronal loss in Huntington's disease might result from excessive NMDA-receptor stimulation by any selective NMDA agonist. Furthermore, the demonstration that the differential susceptibility of NADPH-d( +) neurons is agonist concentration-dependent, rather than absolute, could provide a basis for explaining some existing conflicting experimental data.
More than 2 decades ago, Thomas and Pearse (196 1, 1964) observed that a small and widely scattered subpopulation of neurons in the mammalian CNS could be selectively identified by a histochemical stain sensitive to the presence of the enzyme reduced nicotinamide adenine dinucleotide phosphate diaphorase (NADPH-d); neurons containing high concentrations ofthis enzyme could utilize NADPH to reduce a tetrazolium salt substrate to an insoluble blue formazan reaction product. These investigators referred to neurons containing NADPH-d [NADPH-d( +) neurons] as "solitary active cells," to emphasize the features of scattered distribution and special metabolic capability. The functional significance of the NADPH-d enzyme has remained unknown, although it is now known to be systematically colocalized with somatostatin or neuropeptide Y (NPY) in mammalian forebrain neurons (Vincent et al., 1983a; Kowall and Ferrante, 1985) , and with choline acetyltransferase (CAT) in the brain stem reticular system (Vincent et al., 1983b) . Recently, specific attention was drawn to striatal NADPHd(+) neurons by the discovery that these neurons are almost completely spared in the otherwise extensively atrophied striaturn of Huntington's disease (HD) patients a finding consistent with earlier neurochemical data from the same lab showing a severalfold increase in striatal levels of somatostatin in HD (Aronin et al., 1983) . Because of the important possibility that excitatory amino acid (EAA) neurotoxicity may participate in the pathogenesis of neuronal loss in HD (Coyle and Schwartz, 1976; McGeer and McGeer, 1976; Schwartz et al., 1983) , Beal and colleagues (1986b) examined the fate of NADPH-d(+) cells following injection of several EAAs into the rat striatum, and reported that, while all tested compounds could produce expected striatal neuronal injury, only the endogenous N-methyl-D-aspartate (NMDA) agonist quinolinate selectively spared NADPH-d( +) cells. However, Davies and Roberts (1987) , upon repeating this experiment reported no evidence of NADPH-d(+) cell sparing with quinolinate.
We chose to examine the EAA vulnerability of neocortical NADPH-d(+) neurons in cell culture. Although the cortex is not affected to the same degree as the striatum in HD, tissue levels of somatostatin and NPY in HD frontal and temporal cortex have been found to be increased by almost a third compared with controls (Beal et al., 1986a) , suggesting that the disease's hallmark of selectively sparing NADPH-d( +) cells amidst generalized neuronal loss does extend to the cortex. We previously reported that cortical NADPH-d( +) neurons in vitro were selectively resistent to quinolinate toxicity (Koh et al., 1986) In our previous study, only single concentrations of certain EAA agonists were tested, using a relatively laborious cell count approach. We have since developed a neurochemical indexlactate dehydrogenase (LDH) efflux-that permits a much more rapid quantitative assessment of overall neuronal injury in our system (Koh and Choi, 1987) . Exploiting that assay, the goal of the present study was to extend previous observations to cover a full range of agonist concentrations, looking specifically for a concentration-dependent aspect of the differential vulnerability of NADPH-d(+) cells that could help account for existing experimental disagreements. The strategy used was to determine the quantitative concentration-toxicity relationship for each EAA on the general cortical neuronal population, and then to compare that relationship to the corresponding relationship determined specifically for the NADPH-d( +) neuronal subpopulation.
Materials and Methods
Cortical cell culture. Mixed cortical cell cultures, containing both neuronal and glial elements, were prepared generally as previously described (Choi et al., 1987a) from fetal mice at 14-18 d gestation. Dissociated cortical cells were plated in Primaria (Falcon) 15 mm multiwell vessels (2.8 x lo5 cells/well) in Eagle's minimal essential medium (MEMEarle's salts, supplied glutamine-free), supplemented with 10% heatinactivated horse serum, 10% fetal bovine serum, glutamine (2 mM), and glucose (total, 2 1 mM). Cultures were kept at 37°C in a humidified CO,-containing atmosphere. After 5-12 d in vitro, non-neuronal cell division was halted by l-3 d ofexposure to 10ms M cytosine arabinoside, and the cells were shifted into a maintenance medium identical to the plating media, but lacking fetal serum. Subsequent media replacement was carried out twice per week. Only mature (15-24 d in vitro) cortical cultures were selected for study; whenever possible, comparisons were made on matched sister cultures derived from a single plating.
Exposure to excitatory amino acids. Exposure to EAAs was via the bathing medium, using defined solutions lacking serum, glutamate, or lactate dehydrogenase. Care was taken to wash out the normal medium from cultures prior to addition of EAA exposure solutions. One of 2 different exposure protocols was selected, depending on exposure length. Long exposures (20-24 hr) were carried out in the culture incubator, using a defined medium consisting of MEM supplemented only with glucose (total 25 mM). In control experiments, this simplified culture medium was well tolerated by cortical cell cultures for several days.
Brief exposure to EAAs (5 min) was carried out in room air, using a T&buffered control salt solution (CSS) with the following composition (in mM): NaCl, 120; KCI, 5.4; MgCl, , 0.8; CaCl, , 1.8; at 25°C) 25; glucose, 15. After 5 min, the exposure solution was washed out thoroughly and replaced with MEM plus glucose (25 mM) prior to retumins the dishes to the 37°C incubator. Little or no cortical cell damage was produced by this protocol if EAAs were omitted.
NADPH-d staining. Untreated (control) cultures and cultures exposed the previous day to EAAs were stained for NADPH-d along the lines described by Scherer-Singler and colleagues (1983) . Cultures were fixed for 30 min in 4% paraformaldehyde at room temperature, and subseauentlv incubated in medium containina 1 mM NADPH (Sigma) and 6.2 rn& nitro blue tetrazolium in 0.1 rn; Tris buffer (pH 8.2 at'37"C for 30 min to 1 hr. The staining reaction was terminated by washing with water.
Assessment of overall neuronal cell injury. Overall neuronal cell injury was estimated in all experiments by examination of cultures with phasecontrast microscopy at 100-400 x This examination was usually performed 1 day after EAA exposure, at which point the process of cell death was largely complete; previous experience has suggested that the EAA-induced injury of cultured cortical neurons and glia can be reliably estimated in this fashion. In some experiments, this examination was verified by subsequent bright-field examination of trypan blue staining (0.4% for 5 min), which stains debris and nonviable cells.
In most experiments, overall neuronal cell injury was also quantitatively assessed by the measurement of LDH released by damaged or destroyed cells into the extracellular fluid 1 d after EAA exposure (Koh and Choi, 1987) . LDH was measured at room temperature using the method of Wroblewski and LaDue (1955) . Samples of media (0.2 ml) were added to 2.3 pmol sodium pyruvate.in 0.1 M KH,PO, buffer (pH 7.5 at 25°C). with 0.2 ma of added NADH (total volume. 3 ml). The absorbance'bf the react& mixture at 340 nm, an index of NADH concentration, was measured with a spectrophotometer and recorded automatically at 2 set intervals; LDH concentration was then calculated from the slope of the absorbance curve (fitted by linear regression to the linear initial portion of the curve, and corrected for temperature and light path). Accuracy of the assay was verified by periodic checks of a standard LDH enzyme solution (Sigma; Enzyme Control 2-E).
A small amount of LDH was always present in the media of cultures carried though the exposure protocol, but without addition of EAAs. This background amount, determined on sister cultures within each experiment, was subtracted from values obtained in treated cultures. Control experiments showed that the specific efflux of LDH induced by glutamate exposure (after background subtraction) was linearly proportional to the number of neurons damaged or destroyed, and that no specific LDH efflux occurred when pure cultures of cortical glia were similarly exposed to glutamate (Koh and Choi, 1987) .
The absolute value of the LDH efflux produced by a given EAA exposure was quite consistent within sister cultures of a single plating, but differed somewhat between platings, largely as a function of neuronal density (which varied despite constant original plating densities, presumably reflecting small variations in cell preparation or serum characteristics). Therefore, each observed LDH value was scaled to the mean value obtained by the maximum tested concentration of the same EAA in other, sister cultures. The actual percentage of morphologically damaged or destroyed neurons corresponding to this maximal LDH release was directly measured by cell counts (for each EAA) on a set of sister cultures in a calibration experiment (Table 1) . Using this information, subsequently obtained LDH values were translated linearly to the percentage of overall neuronal cell damage per loss. Since maximal injury (and maximal LDH release) was quite similar for all tested EAAs (with the notable exception of brief-5 min-exposure to kainate) this translation from LDH values to cell damage generally had only a small effect on the relative shape of concentration-toxicity relationships. Assessment of NADPH-d(+) neuronal cell injury. Staining of cultures for NADPH-d unequivocally labeled a small, scattered subpopulation of neurons, making it feasible to simply count the total number of labeled neurons in each well (40-200 neurons in control wells), using low-power (100 x) bright-field optics and confirmatory high-power (400 x) examination as necessarv. Damage to the NADPH-d(+) neuronal subpopulation was measured as thi difference between'the mean number of cells in several untreated control wells and the mean number of cells in cultures exposed to EAAs, expressed as a percentage of the former.
Reagents. All EAA analogs except quisqualate were obtained from Sigma: Quisqualate was obtained from Cambridge Research Biochemicals. NADPH. nitro blue tetrazolium. NADH, and sodium pvruvate were also obtained from Sigma.
-.
Results
Prior to systematically using the LDH efflux signal as a quantitative measure of injury to the general cortical neuronal population (see Materials and Methods), an additional control experiment was performed to compare the concentration-injury relationship for glutamate, obtained by cell counts , to that obtained by the LDH assay on the same set of culture wells (Fig. 1) . For each well, the number of neurons showing morphological damage correlated with the level of LDH (see Materials and Methods) released to the bathing medium (slope = 1.06, r = 0.90) (Fig. 1, inset) . The resultant plotted concentration-responses relationships obtained with the 2 techniques were highly similar, showing damage to half the neuronal population (LDsO) at virtually the same concentration (Fig. 1) .
Staining of cultures for NADPH-d identifies a small subpopulation of neurons, clearly distinguishable from the general population under bright-field optics by darkly stained perikaria and processes (Fig. 2) . NADPH-d( +) neurons were scattered sparse- (Jordan and Thomas, 1987) .
Cultures exposed to 200-500 PM NMDA for 5 min showed immediate neuronal swelling and granularity, followed the next day by widespread neuronal disintegration (Fig. 3A, 2) . However, as previously reported (Koh et al., 1986) , even casual inspection of these cultures 1 d after NMDA exposure showed that the number of NADPH-d(+) neurons was only slightly reduced ( Fig. 3B, 2) . At least some of these NMDA-resistant NADPH-d(+) neurons also failed to show evidence of acute NMDA-mediated excitotoxicity. Within lo-30 min of continous application of 50 PM NMDA, most neurons developed acute neuronal swelling associated with loss of phase-brightness of cell bodies (Fig. 4A) . Some neurons, however, did not show any acute morphological changes, and survived 24 hr exposure to 50 /IM NMDA (Fig.   4B ); a portion of these surviving neurons subsequently stained positively for NADPH-d (Fig. 4C) .
Characterization of the concentration-toxicity relationship for NMDA neurotoxicity quantitatively confirmed the relative resistance of NADPH-d( +) neurons to NMDA-mediated injury. With brief (5 min) exposure, NMDA produced increasing general neuronal injury over the concentration range 10 PM--~ mM, with a toxic LD,, of 120 PM, but little damage to the NADPHd(+) neuronal subpopulation was seen until the NMDA concentration approached 1 mM (LD,, about 750 PM) (Fig. 5A ).
When the duration of exposure was extended to 24 hr, the respective concentration-toxicity relationships were both shifted to the left, preserving the relative resistance of NADPH-d( +) cells (LD,, about 16 and 100 FM, respectively) (Fig. 5B) .
Quinolinate, an endogenous selective NMDA-receptor agonist (Stone and Connick, 1985) , is much weaker than NMDA as a neurotoxin (Koh et al., 1986; Kim and Choi, 1987) on cultured cortical neurons. Little general neuronal injury is produced by 5 min exposure to quinolinate at concentrations up to 5 mM. With 24 hr exposure, high concentrations of quinolinate are neurotoxic; an LD,, of 1 mM for the general neuronal population was found (Fig. 6A) . By contrast, the NADPH-d( +) neuronal subpopulation was largely unaffected by 24 hr exposure to quinolinate concentrations up to 3 mM (Fig. 6A) . Increasing exposure duration to 5 d, or increasing concentration to 10 mM, did, however, produce substantial NADPH-d(+) cell loss in other experiments.
HCA is a selective NMDA agonist, recently shown to be endogenously present in mammalian brain, and released by high potassium in a calcium-dependent fashion (Do et al., 1986) . HCA was a potent toxic agonist, with an LD,, on the general neuronal population of 50 PM; NADPH-d( +) neurons were relatively resistant, with an LD,, of 240 PM, but were largely destroyed by 1 mM HCA (Figs. 3A, 3 , B, 3; 6B).
The endogenous EAA aspartate has been considered in the past to be a relatively nonspecific agonist, acting at both NMDA and non-NMDA receptors (Watkins and Evans, 198 l) , but recent single-channel data suggest that it selectively activates the NMDA receptor on chick spinal cord neurons (O'Brien and Fischbach, 1986) . Consistent with this latter idea, 5 min exposure to aspartate also produced relative NADPH-d(+) neuronal sparing, with an LD,, on the general neuronal population or kainate insufficient to produce much general neuronal injury In striking contrast to the pattern ofNADPH-d( +) cell sparing (Fig. 8) . Quantitative investigation revealed that virtually none seen with NMDA agonists, selective NADPH-d( +) cell destrucof the remaining general population, but more than 80% of the (Fig. 9A) . Increasing the kainate exposure time to 24 hr dramatically increased the potency of kainate as a neurotoxin without changing its selectivity: LD,, was 21 PM on the general neuronal population, but all NADPH-d(+) cells were destroyed at 3 PM (the lowest concentration tested) (Figs. 8A, 3, B, 3; 9B) . Consistent with its mixed agonist nature (Watkins and Evans, 198 l) , glutamate produced a pattern of injury intermediate between that produced by NMDA and non-NMDA agonists. The quantitative concentration-toxicity relationship for a 5 min exposure was quite similar for both the general neuronal population and the NADPH-d( +) subpopulation (LD,, 190 PM versus 220 PM, respectively) (Fig. 1OA) . Interestingly, prolongation of glutamate exposure to 24 hr had little effect on either concentration-toxicity relationship (Fig. 1OB) . Table 2 . Quinolinate and HCA concentration-toxicity relationships. Concentration-response relations for the total neuronal population and for the NADPH-d( +) subpopulation were obtained as before, using 24 hr exposure to quinolinate (A), or 5 min exposure to the much more potent neurotoxin HCA (B). Error bars, SEM (n = 3 or 4). The quinolinate LD,, on the general neuronal population was 1 mM, but was too high to be determined (>3 mM) on NADPHd(+) neurons. LD,, for HCA was similarly less on the general neuronal population (50 PM) than on NADPH-d( +) neurons (240 PM).
subpopulation.
Ratios of less than unity (NMDA, quinolinate, HCA, aspartate) correspond to selective sparing of NADPH-d (+) cells; ratios greater than unity (quisqualate, kainate) correspond to selective destruction of NADPH-d( +) cells. The ratios of near unity seen with glutamate correspond to parallel damage to NADPH-d(+) cells and the general neuronal population.
Discussion
The present study provides new information in 2 related areas. First, the study defines a unique set of quantitative concentration-toxicity relationships for selected EAA agonists on cultured cortical neurons, utilizing LDH efflux as a measure of general neuronal cell injury. As predicted by the linear correspondence between neuronal injury and LDH efflux (Koh and Choi, 1987) , the concentration-toxicity relationship obtained for glutamate using this chemical index is very similar to that obtained by more laborious cell counts, both here and previously (Choi et al., 1987) . subpopulation, obtained with 5 min exposure to either aspartate (A) or quisqualate (B). Error bars, SEM (n = 4). Aspartate and quisqualate had the same LD,, on the general neuronal population (130 PM), but differed strikingly with regard to toxicity on NADPH-d(+) neurons (LD,, = 1 mM for aspartate, less than 3 PM for quisqualate). Figure 8 . Non-NMDA agonists preferentially destroy NADPH-d(+) neurons. A, Phase-contrast photomicrographs taken from matched sister cultures 24 hr after exposure to sham wash only (AI), 20 PM quisqualate for 5 min (A2), or 10 PM kainate for 24 hr (A3). These exposures to quisqualate or kainate were selected to produce minimal overall neuronal degeneration. B, Low-power bright-field photomicrographs after NADPH-d staining on the same cultures shown in A. Although overall damage to the neuronal populations was minimal, NADPH-d( +) neurons disappeared almost completely from the culture dishes exposed to either quisqualate (B2) or kainate (B3). Scale bar, 100 wrn (A); 200 wrn (B).
The concentration-toxicity relationships for most of the tested EAAs were comparable, showing LDsos in the range of 50-200 FM and efficacies in the range of 88-92% for a 5 min exposure. However, as previously reported, quinolinate and kainate were much weaker toxins than other tested EAAs, requiring lengthy exposure to produce widespread neuronal damage. The weakness of the latter compound in particular is surprising, given its relative potency as a neurotoxin in viva (Schwartz et al., 1978) , but could be partly related to reduced synergistic glutamate release (Biziere and Coyle, 1978) from depolarized terminals in the open architecture of cell culture.
The potent toxins NMDA and glutamate were also characterized with brief (5 min) and lengthy (24 hr) exposures; of note is that glutamate alone, unlike NMDA, kainate, and quinolinate, did not become more potent with increased exposure time. One possible explanation is that the actual glutamate exposure associated with lengthy bath incubation in the present paradigm might be limited by the ability of cellular elements to eventually remove glutamate from the bath (Schousboe, 198 1) . NMDA, kainate, and quinolinate, on the other hand, are not substantially taken up by neurons or glia (Johnston et al., 1979; Skerritt and Johnston, 198 1; Stone and Connick, 1985) ; therefore, extending incubation time with these compounds likely greatly increases net exposure.
The observed EAA concentration-toxicity relationships do not consistently correspond to known activity in other binding or nemoexcitation assays. Whereas the weakness ofquinolinate as a neurotoxin is paralleled by its weakness as a neuroexcitant (Peters and Choi, 1987 ) the similarly weak neurotoxin kainate is ubiquitously a potent neuroexcitant. Recent pharmacological evidence has suggested that the neurotoxicity of the broad-spectrum agonist glutamate may be predominantly mediated by NMDA receptors ; however, glutamate and NMDA are approximately equipotent as neurotoxins, whereas the former is an order of magnitude better at displacing D-2-amino-5phosphonovalerate from cortical membranes (Olverman et al., 1984) , and furthermore, the non-NMDA agonist quisqualate is a potent neurotoxin. These discrepancies are not surprising. EAA-induced neuronal injury likely reflects a complex sequence of events in addition to those directly related to excessive neuroexcitation ("excitotoxic"; Olney et al., 1986) . Calcium entry likely plays a central role in glutamate neurotoxicity (Choi, 1987) , and the possible contributions of second-messenger cascades, perhaps especially relevant to quisqualate neurotoxicity (Sugiyama et The observed resistance of cortical NADPH-d( +) neurons to quinolinate toxicity is consistent with that observed by Beal et al. (1986b) in the striatum in viva However, this resistance was Koh and Choi * Vulnerability of Cortical Neurons to Excitotoxins not restricted to quinolinate itself, but extended to several other selective NMDA agonists. Further study will be required to detail the basis for this resistance, but it seems more likely to be due to some postsynaptic characteristics of NMDA receptors on NADPH-d( +) neurons than to any special handling of quinolinate per se (Beal et al., 1986b) . The simplest possibility, that NADPH-d( +) neurons have fewer NMDA receptors than most other cortical neurons, is supported by the additional observation that at least some NADPH-d( +) neurons do not exhibit the usual acute "excitotoxic" cell swelling immediately upon exposure to NMDA.
Arguing against an alternative possibility that NADPH-d( +) neurons are resistant to NMDA receptor-mediated neurotoxicity because of some nonspecific general resistance to injury is the finding that NADPH-d(+) neurons are exquisitely vulnerable to the neurotoxicity induced by quisqualate or kainate. This observation is consistent with in vivo reports that kainate damages striatal NADPH-d( +) cells more readily than GABA-containing or cholinergic cells (Araki et al., 1985; Beal et al., 1986b) . As the corresponding simplest hypothesis amenable to future studied, no relationship (p < 0.05) was found. Consequently, non-NMDA agonists may be accounted for by a relatively large number of kainate and/or quisqualate membrane receptors. NADPH-d(+) neurons may thus owe their unusual profile of EAA vulnerability to an unusual (relative to most other cortical neurons) distribution of membrane receptors, with a paucity of NMDA receptors, and a preponderance of non-NMDA receptors.
NADPH-d( +) neurons exhibited differential EAA vulnerability only at lower concentrations of agonists; high concentrations of agonists produced relatively nonselective widespread neuronal damage. If the behavior of cortical NADPH-d( +) cells in culture can be extrapolated to striatal counterparts in vivo, this demonstrated concentration dependence could help explain some discrepant observations in in vivo studies: that intraparenchymal injection ofNMDA itselfdid not spare striatal NADPHd(+) cells (Beal et al., 1986b) or NPY levels (Christie et al., 1986) , or the controversy regarding the ability of quinolinate to spare NADPH-d(+) cells (Davies and Roberts, 1987) . Intraparenchymal injection of even small quantities of agonist could, depending on volume of distribution, produce high effective agonist concentrations.
On balance, the present study supports the attractive suggestion (Schwartz et al., 1983 ) that quinolinate neurotoxicity may participate in the neuronal loss of HD, but additionally favors a generalization of that hypothesis to include excessive NMDA receptor-mediated neurotoxicity, whatever the cause. In particular, the present study provides direct evidence that the endogenous EAAs aspartate and HCA, too, could participate in producing a neurotoxic lesion with selective sparing of NADPH-d( +) cells.
The unusual EAA vulnerability profile of NADPH-d( +) neurons may make these cells useful as an indicator of either selective NMDA, or non-NMDA, receptor-mediated neurotoxicity in other disease states. Of note is that selective damage to somatostatin-containing neurons may occur in Alzheimer's disease (Morrison et al., 1985; Roberts et al., 1985) , experimental epilepsy (Sloviter, 1987) , and ischemia (Johansen et al., 1987) . No endogenous selective kainate or quisqualate agonist has yet been identified, but in the following paper we present evidence that the coaction of zinc with glutamate may effectively produce such neurotoxicity.
